The quantum-state-specific photoelectron angular distributions ͑PADs͒ from the NO A The present study represents the first direct experimental determination of the scattering dynamics between the photoelectron and the ion core in a molecular system.
͑ϭ0, N͒ states are analyzed based on the theoretical formalism presented in the preceding companion article. The dynamical parameters in this analysis can be divided into two distinct types, one that directly pertains to the dynamics in the ionization continuum of NO that yields the NO ϩ X 1 ⌺ ϩ ͑ ϩ ϭ0, N ϩ ͒ ion and the other that depends both on the ionizing state and on the ionization continuum. The continuum parameters obtained in this study determine various molecule-frame scattering matrices that describe the short-range collision dynamics between the photoelectron and the NO The present study represents the first direct experimental determination of the scattering dynamics between the photoelectron and the ion core in a molecular system. © 1996 American Institute of Physics. ͓S0021-9606͑96͒00711-1͔
I. INTRODUCTION
The close connection between the dynamics in the ionization continuum reached in a photoionization process and that of the Rydberg states has long been recognized in atomic physics. 1 Despite their different asymptotic behaviors, electrons in the ionization continuum and in Rydberg states share common physics at the short electron-ion-core distance that can be described as the scattering of the photoelectron and the ion. Hence, photoelectron spectroscopy and spectroscopy of Rydberg states provide complementary information on the short-range scattering dynamics between the electron and the ion. The realization of this commonality between the dynamics in the ionization continuum and that of the Rydberg states has played an essential role in providing a unified description of diverse experimental data, such as the quantum defects of Rydberg series, perturbations between Rydberg levels, and photoelectron angular distributions ͑PADs͒ from direct and resonant photoionization events. [2] [3] [4] [5] [6] [7] In molecular systems, the same commonality between the dynamics in the ionization continuum and that of the Rydberg states exists despite the complexities introduced by reduced symmetry, the structure of the ion core, and the presence of nuclear degrees of freedom. 8, 9 However, direct experimental investigations of the short-range scattering dynamics between the electron and the molecular ion using photoelectron spectroscopy are lacking, and our current knowledge on this subject has been derived almost exclusively from ab initio investigations [10] [11] [12] and analyses of Rydberg levels based on the multichannel quantum defect theory ͑MQDT͒.
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The recent advent of various photoelectronspectroscopic techniques that accomplish the resolution of individual quantum levels of ion has enabled detailed investigation of the dynamics of molecular photoionization. [17] [18] [19] [20] [21] By analyzing quantum-state-specific PADs from optically aligned molecules in a specific quantum level that is accessed by resonance-enhanced multiphoton ionization ͑REMPI͒, it has been shown that even the complete information that describes the molecular photoionization process can be obtained experimentally. 20, [22] [23] [24] [25] [26] A natural extension to these studies is then to employ these photoelectronspectroscopic techniques to investigate the short-range scattering dynamics between the photoelectron and the ion to complement the information obtained by bound-state Rydberg spectroscopy.
In the companion article ͑abbreviated hereafter as PZ1 27 ͒, we developed a theoretical formalism based on the molecular-orbital decomposition of the ionization continuum that treats explicitly the short-range scattering between the photoelectron and the molecular ion within the independent electron approximation. The most notable feature of the theoretical formalism is that the dynamical parameters in it can be classified into two distinct types, one that pertains only to the ionization continuum and the other that depends both on the ionizing state and on the ionization continuum. Through this disentanglement of the ionization-continuum dynamics from the photoionization dynamics, the formalism exploits maximally the commonality between different photoionization processes and allows for the direct extraction of dynamical information that pertains to the ionization continuum by analyzing the quantum-state-specific PADs from multiple electronic states.
In this article, the theoretical formalism in PZ1 is applied to analyze the quantum-state-specific PADs of the NO A ͒ ion and the photoionization dynamics of the NO A and D states. Through simultaneous analysis of the quantum-state-specific PADs from the NO A and D states, the dynamical parameters that pertain directly to the ionization continuum are determined in this study. These continuum parameters, which characterize the properties of continuum molecular orbitals in the ionization continuum of NO, determine various molecule-frame scattering matrices up to a phase factor and provide detailed quantitative insight into the collision dynamics between the photoelectron and the
The continuum parameters determined in this study can also be compared directly with the MQDT parameters that are obtained from analysis of the high-lying Rydberg states converging to the
The comparison shows good overall agreement between the parameters determined in our analysis and the MQDT parameters, thus illustrating that the quantum-state-specific PADs can provide dynamical information complementary to that obtained from spectroscopy of Rydberg states.
In addition to providing dynamical information about the ionization continuum, the dynamical parameters obtained from the simultaneous fit provide complete descriptions of the photoionization dynamics of the NO A [23] [24] [25] 28, 29 Hence, the dynamical parameters determined in this study enable us to predict experimentally unobserved quantities such as the threedimensional PADs and the angular-momentum polarizations of the ions produced from the photoionization process. 22, 24, 25 They also provide conclusive experimental evidence for the existence of a Cooper minimum in the 3 p→d ionization channel in the photoionization of the NO D 2 ⌺ ϩ ͑ϭ0͒ state. A complete description of a molecular photoionization event has already been accomplished for the photoionization of the NO A 2 ⌺ ϩ ͑ϭ0͒ state by analyzing quantum-statespecific PADs using the theoretical formalism based on the partial-wave decomposition of the ionization continuum. [23] [24] [25] It is worthwhile to note, however, that in the present study, a complete description of the NO D state has been achieved without measurement of the circular dichroism in PADs ͑CDAD͒. 23, 24, [30] [31] [32] As shown in our previous study, the measurement of CDAD is necessary to determine the signs of phases of dipole-moment matrix elements within the context of the partial-wave theoretical formalism. [23] [24] [25] In the present analysis, which is based on the molecular-orbital decomposition of the ionization continuum, the CDAD measurement for photoionization of the NO A state alone provides enough experimental constraints for us to determine completely dynamical parameters that describe the photoionization dynamics of the NO A and D states. This determination is a clear demonstration of the advantage of the molecular-orbital formalism presented in PZ1 that exploits the commonality between distinct photoionization processes. Figs. 1-3 , the error bar associated with each data point represents Ϯ2 uncertainty. These quantum-statespecific PADs show a dramatic difference in nodal patterns depending on the electronic state being ionized, the value of ⌬N, and the polarizations of the excitation and ionization light beams. Inspection of PADs also reveals that the angleintegrated cross sections and shapes of PADs for ⌬NϾ0 and ⌬NϽ0 transitions with the same ͉⌬N͉ are different for photoionization of the NO D state, whereas those of the corresponding PADs from the NO A state are approximately the same. 20, 24, 26 In our formalism, the ͑1ϩ1Ј͒ REMPI of NO is treated as a two-step process consisting of the one-photon excitation step to the resonant intermediate state and the one-photon ionization step; 33 the one-photon excitation simply generates the aligned ionizing state, which is subsequently probed by the ionizing photon. Both the NO A states follow Hund's case ͑b͒ coupling, as evidenced by their small spin-rotation coupling constants. 34 Because the resonant excitation process in our experiment prepares a specific vibration-rotation level ͑,N͒ in the ionizing state that follows Hund's case ͑b͒ coupling, the effect of the excitation step on PADs can be compactly represented in terms of the density matrix elements M N M N Ј N ͑or equivalently in terms of the spherical multipoles͒ that describe the distribution of the magnetic sublevels for the given ͑,N͒ level. 24, 27, 35 The transitions employed to reach both the A , N͒ levels are blended, and a mixture of two J levels with the same value of N are incoherently excited in the intermediate states. 20 It has been shown both experimentally 25 and theoretically, 36, 37 sents the vibrationally averaged electronic dipole-moment matrix element that connects a given ionizing electronic orbital to the ␣ th continuum molecular orbital. 27 As emphasized in PZ1, these parameters specify not only the photoionization dynamics of the NO A 20, 24, 26 the partial waves included in our fit were limited to lр3. 20 This truncation in the partial-wave expansion is also supported by the results of ab initio calculations of the corresponding photoionization processes. 36, 37 Because of the angular momentum constraint imposed on the one-photon ionizing transition between ⌺ states, is restricted to be either 0 or Ϯ1. The number of continuum molecular orbitals in the fit is the same as the number of partial-wave channels in the fit, because the molecular orbital and the partial waves are related to each other through a unitary transformation. 27 According to our formalism, the asymmetry in PADs observed in the photoionization of the NO D state suggests that dynamical parameters that describe the photoionization process are dependent on the photoelectron energy over the energy span of the observed rotational features. 26 In ab initio calculations, a Cooper minimum has been proposed to exist in the 3 p→d channel at a photoelectron energy around 0.33 eV in the photoionization of the NO D 2 ⌺ ϩ ͑ϭ0͒ state. 37 The Cooper minimum, which is a well-known phenomenon in atomic photoionization, 39, 40 refers to a vanishing of the electronic dipole-moment matrix element that connects the ionizing state to one of the ionization channels. Although Ū l␣ , ␣ , and M ␣ are usually independent of energy over the energy span of several rotational levels, 27 M ␣ associated with the ionization channel that exhibits the Cooper minimum can be strongly dependent on the photoelectron energy because even a small change of the dipolemoment matrix element is important near the point of its vanishing. Therefore, the parameters that signify the linear energy dependences of M ␣ (D) were introduced in the fit for the ionization channels that are related to the d-partial waves in the ionization continuum. Note that one Cooper minimum can cause more than one M ␣ (D) to be dependent on photoelectron energy because several continuum molecular orbitals can have the d-partial-wave component through l mixing in the ionization continuum. 27 In our previous work, 20, 22, 24, 25 the dynamical parameters in the fit were magnitudes r l and phases l of the vibrationally averaged electronic dipole-moment matrix elements that connect an ionizing state to the asymptotic photoelectron partial waves with orbital angular momentum l and the projection of l on the internuclear axis. Unlike Ū l␣ , ␣ , and
II. ANALYSIS OF EXPERIMENTAL PADS: EXTRACTION OF DYNAMICAL PARAMETERS
in the present fit, r l and l describe only the dynamics of a specific ionizing state. 20, 22, 24, 25, 27 The fitting based on r l and l could be decomposed into two independent parts by taking advantage of the photoionization selection rule, ⌬Nϩlϭodd, which is applicable for ⌺-⌺ photoionizing transitions: 41, 42 The ⌬Nϭeven ionizing transitions were fit with parameters for odd-l partial waves, and ⌬Nϭodd ionizing transitions were fit with parameters for even-l partial waves. This photoionization selection rule does not apply, however, for continuum molecular orbitals that are defined to be the eigenfunction of the short-range electronic Hamiltonian. 27 A continuum molecular orbital can be a combination of even and odd partial waves, depending on the molecular potential that a photoelectron experiences near the molecular-ion core. The electronic transformation matrix elements Ū l␣ specify the composition of the ␣ th continuum molecular orbital in terms of asymptotic partial waves. Therefore, the fit based on Ū l␣ , ␣ , and M ␣ generally cannot be decomposed into parts unlike the previous fit based on r l and l .
In principle, the fit based on the formalism presented in PZ1 can determine all the dynamical parameters Ū l␣ , ␣ , and M ␣ , given quantum-state-specific PADs from a Tables I through III. sufficient number of electronic states. In the present fit, however, certain parameters on which quantum-state-specific PADs depend weakly cannot be well determined because our experimental data have errors associated with them and also because PADs from only two different electronic states are included in the fit. To determine which dynamical parameters could be obtained from our fit with acceptable confidence, we performed nonlinear least-squares fitting of quantumstate-specific PADs at several stages.
To start with, the fit was performed by ignoring all the short-range interactions that couple the asymptotic partialwave channels, thus setting the electronic transformation matrix U to be a unit matrix. The parameters ␣ and M ␣ , along with one parameter that signifies the energy dependence of M ␣ (D) for the d-partial wave channel, remained unrestricted throughout the fitting procedure. At the first stage, the fit could be decomposed into two separate parts for even and odd l, as described above for the fit based on r l and l . At subsequent stages, couplings between partialwave channels were introduced sequentially by including the appropriate electronic transformation matrix elements as fitting parameters. At each stage, the correlation matrix from the fit was examined carefully to decide whether all the parameters from the fit were determined independently. The goodness of the fit at each stage was judged based on the reduced chi-square value, which is the chi-square value divided by the number of degrees of freedom in the fit. Although the reduced chi-square value in an ideal model fitting should approach 1 statistically, 38 a fit with a reduced chisquare value of less than 2 is considered acceptable in the present case because the experimental PADs contain systematic errors that are not accounted for in our fit. We note that the same criterion was applied in our previous analyses of PADs from the NO A 2 ⌺ ϩ ͑ϭ0, N͒ states that employed r l and l as fitting parameters. 20, 22, 24, 25 At the first stage when the electronic transformation matrix U was set to be a unit matrix, the reduced chi-square value from the best converged even-l fit was around 8, which was clearly not acceptable. The reduced chi-square value from the converged odd-l fit was, on the other hand, less than 2 even at this first stage. Investigation of the correlation matrix from the odd-l fit showed no extensive correlations between various parameters in the fit. The result of the odd-l fit suggests, at least statistically, that the short-range interactions that mix even-l and odd-l partial waves are not needed to model the PADs associated with the ⌬Nϭeven ionizing transitions. It also implies that each ͉l͘ ͑lϭodd͒ partial wave forms an independent continuum molecular orbital, that is,
The result of the even-l fit suggests, on the other hand, that the l-mixing interactions between even-l partial waves are necessary to model the PADs associated with the ⌬Nϭodd ionizing transitions. Based on observations at the first fitting stage, a fitting parameter that allows the coupling between even-l partialwave channels was introduced at the second fitting stage. Because only partial waves up to lϭ3 are included in our fit, the even-l block of the electronic transformation matrix becomes a 2ϫ2 matrix for ϭ0. The even-l block for ϭ1 contains, on the other hand, only one element because the partial wave with lϭ0 cannot have a projection ϭ1. Hence, Ū l␣ for even l can be written as
ϭϪsin͑ sd ͒, ͑2b͒
and
In Eqs. ͑2a͒ through ͑2c͒, and represent ϭ0 and ϭ1, respectively. Following the spectroscopic convention, photoelectron partial waves are designated as s, p, d, and f waves for lϭ0, 1, 2, and 3, respectively. The parametrization of Ū l␣ given in Eqs. ͑2a͒ and ͑2b͒ ensures that the even-l block of the electronic transformation matrix with ϭ0 is a real unitary matrix. Here, sd represents the mixing angle between the s-and d-partial waves. 16, 27 The continuum molecular orbitals formed by the l mixing between the sand d-partial waves are labeled as sd1 and sd2 in Eqs. At the third stage, we performed the fitting of quantumstate-specific PADs by introducing fitting parameters that describe mixing between various even-l and odd-l partial waves within the same manifold to determine whether the improvement in the reduced chi-square value of the even-l fit resulted from the introduction of two additional fitting parameters. The mixing parameter between the s-and dpartial waves, sd , was, on the other hand, set to be zero, unlike in the second stage, so that the effect of sd could be eliminated in the fit at the third stage. The even-l and the odd-l fit cannot be separated at this stage because the mixing between even-l and odd-l channels is introduced. Up to two parameters were employed in the fit to designate the linear energy dependences of M ␣ (D) for the ionization channels that are coupled to the d-partial-wave channel. Although the fitting was performed exhaustively with new parameters that represent the l mixing between all possible combinations of even-l and odd-l partial waves, the reduced chi-square values were found to be always greater than 4. Finally, we performed a nonlinear least-squares fitting of PADs with more than one mixing parameter including sd .
The reduced chi-square values from these fits indeed decreased from the value obtained at the second stage, but only slightly. In addition, the correlations between fitting parameters became more significant as we added more fitting parameters. Combined with the results of the fit at the previous stages, the results of this investigation indicate that in modeling the quantum-state-specific PADs from the NO A
states, sd is statistically more significant than any other single mixing parameter.
The second columns of Tables I through III list all the parameters determined up to the second stage of the fitting procedure described above. These parameters represent the minimum set of fitting parameters needed to describe experimental PADs acceptably. As discussed previously, the statistical criterion for the acceptability of the fit was that the reduced chi-square value was less than 2. The dynamical parameters listed in Tables I through III 
III. DISCUSSION

A. Determination of the parameters that describe the ionization continuum
Among the dynamical parameters in our model, the electronic transformation matrix elements Ū l␣ and the electronic eigenphase shifts ␣ represent only the dynamics in the ionization continuum and determine various moleculeframe scattering matrices for the photoelectron-ion-core collision up to a phase factor. 27 The second column of Table I lists these continuum parameters determined from the simultaneous fit of quantum-state-specific PADs of the NO A Table I . As discussed in Sec. II, the parameters that represent the mixing between even-l and 
The energy is in units of the rotational constant of the
odd-l partial waves were not needed in modeling the experimental PADs, and the fit could be decomposed effectively into two separate parts. Hence the phase relationship between even-l and odd-l partial waves, which can be represented by p Ϫ sd1 , could not be determined from our fit and is omitted from Table I. For the same reason, the electronic transformation matrix for each can be decomposed into two independent blocks, one that designates the l-mixing interactions inside the odd-l partial-wave manifold and the other that designates the l-mixing interactions inside the even-l partial-wave manifold. The elements of the former are given in Eq. ͑1͒, whereas the elements of the latter can be calculated from Eq. ͑2͒ with sd given in Table I .
As described in detail in PZ1, ␣ and Ū l␣ are, respectively, the continuum analogs of the electronic quantum defects and the Rydberg-series mixing coefficients for highlying Rydberg states. Because ␣ and Ū l␣ characterize the short-range scattering dynamics between the photoelectron and the ion core, they are rather insensitive to the photoelectron energy across the ionization threshold. 27 Considering that photoelectrons observed in our experiments have kinetic energies of only approximately 200 meV, ␣ and Ū l␣ determined from our fit for the continuum photoelectrons can be compared with the electronic quantum defects and the Rydberg-series mixing coefficients, respectively, determined for the high-lying Rydberg states converging to the NO high-resolution absorption and emission spectroscopy 15, 43 and double-resonance MPI spectroscopy. 16 The MQDT analysis of the observed spectra indicates that even-l and odd-l Rydberg series do not interact with each other. 15, 16 The analysis also indicates that the interactions among the odd-l Rydberg series are almost negligible whereas the s-and d-Rydberg series almost completely mix to form the so-called ''s,d supercomplexes.'' 15, 16 Note that these findings from the MQDT analysis of the Rydberg spectroscopy of NO agree almost completely with the findings from our analysis of quantum-state-specific PADs: The expressions for the electronic transformation matrix given in Eqs. ͑1͒ and ͑2͒ exactly mirror the findings of the Rydberg spectroscopy.
In the last column of Table I , we list the electronic quantum-defect parameters determined from the spectroscopy of high-lying Rydberg states for quantitative comparison with the dynamical parameters determined in our fit. 16, 43 In general, the agreement between the parameters from our fit and the MQDT parameters is satisfactory including signs of ␣ Ј Ј Ј Ϫ ␣ , despite the small differences between the values of parameters ͑see below͒. Two marked discrepancies are apparent in Table I : The sign of sd and the magnitude of sd2 Ϫ sd1 . The sign reversal of sd is believed to originate from the difference in the phase convention employed in this work and in the MQDT analysis of the spectroscopy of high-lying Rydberg states. The s -d Rydberg-series mixing coefficient with its sign was determined by Fredin et al. 16 ⌸ state and the Rydberg orbitals. These dipole-moment matrix elements and the signed s -d Rydberg-series mixing coefficient were inserted into the MQDT equations to predict the intensity pattern for the Rydberg-C 2 ⌸ transitions. The sign of sd was then determined by comparing the calculated and observed spectra. In these calculations, the signs of dipole-moment matrix elements, which subsequently affect the sign of sd are fixed by the phase convention of Coulomb wave functions. 1 The actual scattering dynamics between the photoelectron and the ion depends, however, only on the relative phase differences between various ionization channels. Therefore, the signs of dynamical parameters in our fit can be varied simultaneously as long as their variations are correlated so that the dynamically important phase relations between the ionization channels are not changed; inspection of Eq. ͑34͒ of PZ1 reveals that the signs of M ␣ are interrelated with the signs of Ū l␣ and the values of ␣ once the phase relations between asymptotic ionization channels are fixed by experimental PADs. As discussed in Sec. II, we determined the signs of all the parameters in the fit by constraining the signs of all M ␣ (A) and M sd1 (D) to be positive. We believe that the difference in the phase conventions in the MQDT analysis of Rydberg spectra and in our fit accounts for the sign reversal of sd . The above discussion also reveals that the close agreement between our fit results and the MQDT parameters in values of ␣ Ј Ј Ј Ϫ ␣ is rather fortuitous because they can differ by integer units without affecting the actual scattering dynamics between the photoelectron and the ion when the signs of M ␣ and Ū l␣ are correlated accordingly.
Note that this indeterminacy in ␣ Ј Ј Ј Ϫ ␣ is reminiscent of the indeterminacy of quantum defects ͑and the principal quantum numbers͒ encountered in the experimental analysis of the Rydberg level positions; 9,16 quantum defects of Rydberg levels can be determined experimentally only up to modulo 1, as is ␣ Ј Ј Ј Ϫ ␣ in our analysis. It is nevertheless very clear in Table I that the agreement between the parameters from our fit and the MQDT parameters is very good.
The discrepancies in ␣ Ј Ј Ј Ϫ ␣ listed in Table I may reflect real differences between the dynamics of the photoelectron-ion scattering above and below the ionization threshold. It is difficult to explain the marked discrepancy of sd2 Ϫ sd1 based solely on this argument, however, because
show only small discrepancies. The other possible source of this big discrepancy is that sd2 Ϫ sd1 can be determined inaccurately from our nonlinear least-squares fit because of systematic errors present in our data ͑coupled with the correlations between the various parameters in the fit͒. The convergence of our fit is achieved by the global minimization of the chi-square value. The fact that we obtained the lowest chi-square value does not guarantee, however, that the various parameters determined from our fit correspond to the true physical parameters in the model, especially because of the systematic errors in the data set. 25, 38 To check this possibility, we performed the nonlinear least-squares fitting of quantum-state-specific PADs with ␣ Ј Ј Ј Ϫ ␣ constrained at the values of the corresponding quantum-defect differences obtained from the Rydberg-state spectroscopy. The magnitude of sd was also fixed at the value obtained from the Rydberg-state spectroscopy. The sign of sd was held positive to account for the differences in the phase conventions mentioned previously. Because the interaction between the even-l and odd-l partial-wave manifolds was not detected in the MQDT analysis of the Rydberg spectroscopy, the fit could be decomposed into the odd-l and termined from the unconstrained fit did not deviate significantly from the corresponding quantum-defect differences. The reduced chi-square value from the constrained even-l fit was, on the other hand, larger than the reduced chi-square value from the unconstrained even-l fit and was close to 2.5. determined from the unconstrained fit and the corresponding quantum-defect difference probably originates from the systematic errors present in the experimental PADs of the NO D state. It also implies that with our limited experimental data alone, the small discrepancies between ␣ Ј Ј Ј Ϫ ␣ from the unconstrained fit and the corresponding quantum-defect parameters cannot be ascribed to the real difference in the dynamics above and below the ionization threshold.
The above comparison of results from the constrained and unconstrained fits clearly illustrates the difficulty in fitting experimental PADs that contain systematic errors to extract physically meaningful dynamical parameters. The comparison also illustrates, however, that most of the dynamical parameters determined from our analysis of quantum-statespecific PADs are relatively insensitive to the presence of systematic errors in the data. In statistical terms, these parameters determined in our fit can be deemed robust. 38 In addition, although sd2 Ϫ sd1 is found to be sensitive to the presence of systematic errors, only parameters from a small region of the total UϪϪM parameter space that involves the small variation of sd2 Ϫ sd1
can describe our data acceptably. Therefore, we believe that the parameters determined from our fit are a good representation of true dynamical parameters that describe the ionization continuum of NO associated with NO 
B. Ionization continuum dynamics
The continuum parameters given in Table I and Eqs. ͑1͒ and ͑2͒ provide a detailed insight into the scattering dynamics between the photoelectron and the NO ϩ X 1 ⌺ ϩ ͑ ϩ ϭ0͒ ion core. The electronic eigenphase shift ␣ is the scattering phase shift for the ␣ th continuum molecular orbital, whereas Ū l␣ is the vibrationally averaged value of the electronic transformation matrix element. 27 Physically, ␣ represents the relative attractiveness that the photoelectron in the ␣ th continuum molecular orbital experiences inside the ion-core region, and Ū l␣ represents the partial-wave composition of the ␣ th continuum molecular orbital. According to the value of Ū l␣ determined from our fit, the l-mixing interactions between the even-l and odd-l partial waves are not significant. The form of Ū l␣ for the odd-l partial-wave manifold given in Eq. ͑1͒ also indicates that the ͉l͘ ͑lϭodd͒ partial waves do not interact with each other and thus form independent continuum molecular orbitals. Unlike the odd-l partial waves, the s-and d-partial waves are found to be mixed to form continuum molecular orbitals sd1 and sd2. The magnitude of sd determined from our fit suggests that the mixing between the s-and d-partial waves is almost complete: The composition of the sd1 continuum molecular orbital is approximately 55% s wave and 45% d wave, whereas the composition of the sd2 continuum molecular orbital is 45% s wave and 55% d wave. As discussed in Table I cannot be directly interpreted as the relative attractiveness that the photoelectron experiences inside the ion-core region, unless brief physical considerations regarding the penetration 8, 44 of the photoelectron into the ion-core region precedes the interpretation.
Semiclassically, photoelectrons with large orbital angular momentum l cannot penetrate into the ion-core region because of the large centrifugal barrier associated with their motion, and the primary characteristic of the ion core that the large-l photoelectron experiences is the charge on the ion. Consequently, partial waves with large l are similar to those in the hydrogenic field. The scattering phase shift ͑or equivalently the quantum defects͒ associated with the large-l photoelectron are therefore expected to be small because the scattering phase shift is a measure of the difference between the Coulomb potential and the ion-core potential that photoelectron experiences inside the ion-core region. On the other hand, partial waves with smaller l ͑lϭ0 and 1͒ do penetrate into and interact with the ion core. When the photoelectron is deep inside the ion-core region, the effective charge that it experiences can be larger than 1 because of the reduced shielding of the nuclear charge by the other electrons. As a result, the scattering phase shift associated with the small-l photoelectron is expected to be large and negative. Based on these physical considerations, we expect the s-and p-partial waves to be more strongly attracted to the ion core than the d-and f -partial waves, respectively, as observed from the values of ␣ Ј Ј Ј Ϫ ␣ listed in Table I . Indeed, the theoretical analysis of Rydberg series of NO essentially confirms these expectations. 14, 15 Between orbitals with the same l, the val- Table I indicate that the p wave is found to be more attracted to the core than the p wave, whereas the f and f waves are more or less equally attracted to the core. The fact that mixing between even-l and odd-l partialwave manifolds is not detected in our fit suggests that the odd-multipolar interactions experienced by the photoelectron in the ion-core region are not strong enough to induce mixing between even-l and odd-l partial waves. The observation that the s-and d-partial waves are completely mixed with each other whereas the p and f waves are relatively unperturbed suggests, on the other hand, that even-multipolar interactions between the photoelectron and the NO
ion inside the ion-core region affect each partial wave differently. As discussed in PZ1, the interaction between the photoelectron and the ion inside the ion-core region is not uniform, 45, 46 and the ion-core region can be divided into the multipole-moment-interaction region and the electron-exchange-interaction region. 27 The continuum parameters determined in our fit represent the combined effects of the photoelectron-ion-core interaction in both the multipole-moment-interaction region and the electronexchange-interaction region. Therefore, to understand the experimental observations in more detail, the interaction between the photoelectron and the
ion inside the ion-core region must be examined more closely.
Being a heteronuclear diatomic ion, NO ϩ possesses both a dipole moment and a quadrupole moment. The quadrupole moment of the NO ϩ X 1 ⌺ ϩ ͑ ϩ ϭ0͒ core is particularly significant and is responsible for the splitting of the f Rydberg series.
14 The photoelectron-quadrupole interaction in the multipole-moment-interaction region, however, does not seem to be the major cause of s -d mixing because the experimental PADs did not reveal mixing between p-and f -partial waves which would have been caused by the same interaction. As discussed previously, the interaction between the photoelectron and the dipole in the multipole-momentinteraction region should not be strong enough to cause mixing between the even-l and odd-l partial waves. Therefore, although the interactions between the photoelectron and the multipoles are present in the multipole-moment-interaction region ͑as evidenced by the splitting of the f Rydberg series͒, they seem not to be significant enough to cause l mixing between different partial waves.
The interaction between the photoelectron and the ion inside the electron-exchange-interaction region can be understood by analyzing the nature of bound molecular orbitals of the The single-center expansion of each valence molecular orbital around the center of mass of NO ϩ indicates that the 3 orbital has mostly the s character, the 4 orbital has the p character, and the 1 orbital has the p character. Unlike these molecular orbitals that have single partial-wave characters, the 5 molecular orbital has both the s and d characters. According to Mulliken's terminology, 44 a bound molecular orbital of the ion core is called the precursor of a given Rydberg orbital when the two orbitals have the same and approximately the same l values. Considering the close connection between the bound Rydberg orbitals and the partial waves for the continuum photoelectron, 27, 44 we can reasonably extend this precursor concept and define the precursor of a given partial wave as the bound molecular orbital that has the same and approximately the same l values. Therefore, the 3 and 5 orbitals can be considered as precursors for the s-partial wave, and similarly 4, 1, and 5 orbitals can be considered as precursors for the p-, p-, and d-partial waves, respectively.
Within the independent particle approximation, these bound molecular orbitals, or precursors of partial waves, determine the molecular potential with which the photoelectron interacts inside the electron-exchange-interaction region. Because the 5 orbital is the highest occupied molecular orbital of the NO ϩ X 1 ⌺ ϩ core with symmetry, it contributes more than other orbitals toward determining the molecular potential that the partial waves with symmetry experience. Considering that the 5 orbital is the precursor of both the sand d-partial waves, the mixing between the s-and dpartial waves appears to be caused mostly by the interaction of the photoelectron with the other electrons inside the electron-exchange-interaction region, especially with the 5 orbital. On the other hand, the other precursors in the NO ϩ X 1 ⌺ ϩ core have mostly a single partial-wave character. Therefore, the photoelectron-ion-core interactions inside the electron-exchange-interaction region for partial waves other than s and d waves do not result in significant l mixing.
C. Photoionization dynamics of the NO A state
The ͑ϭ0͒ state has been discussed in detail previously based on the partial-wave decomposition of the ionization continuum. 20, [22] [23] [24] [25] Because of the disentanglement of the dynamics in the ionization continuum accomplished here based on the molecular-orbital decomposition, however, we can clarify some of the interpretations of the photoionization dynamics of the NO A 2 ⌺ ϩ ͑ϭ0͒ state, and emphasis will be given on this clarification in this section.
The NO A 2 ⌺ ϩ state is a 3s Rydberg state converging to the NO ϩ X 1 ⌺ ϩ ion. Therefore, the photoionization selection rule, lϭl 0 Ϯ1, for an atomic system for which l 0 is the partial-wave component of the Rydberg electron predicts that the p-partial waves should be dominantly produced in the photoionization process. Our fit results confirm this prediction: according to the value of M ␣ (A) determined in our fit, the p-wave contribution to the total ionization cross section is approximately 70%. The fit results also indicate that the f -wave contribution to the total ionization cross section is more than 20%, whereas the s-and d-wave contributions combined are approximately 10%. Despite this large contribution of the f wave to the total ionization cross section, the ⌬NϭϮ4 ionizing transitions are not present in the photoelectron spectrum because of the destructive interference between the dipole-moment matrix elements to the f and f waves that have comparable magnitudes and phases. 20, 22, 24, 25 The contribution of l 1 partial waves produced in the photoionization of the NO A 2 ⌺ ϩ state can be explained either by the l mixing in the ionization continuum or by l 0 characters in the NO A state. In ab initio calculations, the former has been proposed as the primary cause of the production of partial waves other than p waves. 36, 47, 48 According to the results of ab initio calculations, the p-partial waves generated in the photoexcitation of the 3s orbital are scattered into the l 1 partial-wave channels because of the nonspherical molecular potential. As discussed extensively in Sec. IV A, however, the continuum parameters determined in our fit indicate the contrary. According to our fit results, no significant l-mixing interactions occur in the ionization continuum of NO other than the mixing between the s and d waves. Because of the limited accuracy of our fit results, we cannot exclude the possibility of small l-mixing interactions between various partial waves. The close agreement between our fit results and the results obtained from the MQDT analysis for the high-lying Rydberg series suggests, however, that the l-changing collisions between the photoelectron and the ion core alone do not account for the production of the l 1 partial waves in the ionization continuum.
According to a quantum mechanical calculation using the improved virtual orbital approximation, the single-center expansion of the nominal 3s orbital of the NO A 2 ⌺ ϩ state around the center-of-mass yields 94.0% s character, 0.2% p character, 5.5% d character, and 0.1% f character. 48 The calculated magnitudes of the l 0 characters in the 3s orbital are not large enough to account for the (s,d)-and f -wave contributions to the total ionization cross section, which are approximately 10% and 20%, respectively. Note, however, that the partial-wave contributions to the ionization cross section are not directly proportional to the partial-wave characters in the ionizing orbital. Instead, they are proportional to the square of the magnitudes of the dipole-moment matrix elements that connect the ionizing orbital to the partial waves in the ionization continuum. The favorable radial overlap between the diffuse l 0 components in the 3s orbital and the partial waves in the ionization continuum can result in the large magnitudes of the dipole-moment matrix elements for l 1 partial-wave channels, which may explain the observed contributions of l 1 partial waves to the total ionization cross section.
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D. Photoionization dynamics of the NO D state
The rotationally resolved photoelectron spectra 50, 51 and the quantum-state-specific PADs 26 state. Indeed, this dynamical information is almost tantamount to determining all the quantum numbers before and after the photoionization process, and it constitutes the complete description of the photoionization of the NO D state. 24 The dynamical parameters obtained in this study also show a clear signature of the existence of the Cooper minimum in the 3p→d ionization channel in the photoionization of the NO D state. 26, 37 The NO D given in Table III , the combined s-and d-wave contributions account for approximately 80% of the total ionization cross section. The rest of the total ionization cross section is accounted for mostly by the p-wave contribution. The strong asymmetry in intensity between the ⌬NϾ0 and ⌬NϽ0 transitions with the same ͉⌬N͉ is modeled successfully by including two dynamical parameters that signify the linear energy dependences of M sd1 (D) and M sd2 (D). The fact that these two parameters can successfully describe the opposite skewing in intensities of the ͉⌬N͉ϭ1 and ͉⌬N͉ϭ3 ionizing transitions is a direct consequence of the interference between various partial waves in the ionization continuum.
As mentioned earlier, the existence of a Cooper minimum in the 3p→d ionization channel was predicted at a photoelectron energy of 0. 33 (D) and M sd2 (D) are consistent with the predicted existence of a Cooper minimum in the 3 p→d ionization channel because both the sd1 and sd2 continuum molecular orbitals result from the mixing between the sand d-partial waves in the ionization continuum. In the experimental quantum-state-specific PADs of the NO D state, the most notable signature for the existence of the Cooper minimum is the strong asymmetry in intensity between the ⌬NϾ0 and ⌬NϽ0 transitions with the same ͉⌬N͉. The appearance of the strong ͉⌬N͉ϭ3 peaks is also illuminating in the context of the occurrence of the Cooper minimum. 26 These peaks result from the d-partial waves in the ionization continuum. As shown in Table I, sd2 and d are similar in magnitude, indicating that the sd2 and d continuum molecular orbitals should interfere destructively. The values listed in Table III The effect of the Cooper minimum in atomic photoionization has been studied extensively since its first identification in photoionization of alkali-metal atoms. 40, [52] [53] [54] [55] [56] Recently, the importance of the Cooper minimum in molecular Rydberg state photoionization was recognized both theoretically [57] [58] [59] [60] and experimentally. 26, 61, 62 The Cooper minimum in atomic photoionization manifests itself as changes in the total ionization cross sections and the photoelectron angular distributions. 55, 56 In molecular photoionization, however, diagnosis of the existence of a Cooper minimum is not so straightforward as in atomic photoionization because of the presence of many ionization channels and the complex interferences between them. The existence of the Cooper minimum in molecular photoionization can be inferred from the strong asymmetry in intensity between the ⌬NϾ0 and ⌬NϽ0 transitions with the same ͉⌬N͉, as observed in the quantum-state-specific PADs of the NO D state in this study and in rotationally resolved photoelectron spectra of Rydberg states of OH 61 and NH. 62 Note, however, that this asymmetry in intensity indicates, the strong energy dependences of dynamical parameters that describe the photoionization process, and thus can be caused by dynamical phenomena other than Cooper minima. The strong appearance of ionizing transitions that involve only partial waves with the same l is also suggestive of a Cooper minimum, as discussed in the preceding paragraph.
It is interesting to note that the same Cooper minimum manifests itself in quite a different manner in the dynamical parameters, depending on whether the dynamical parameters are based on the partial-wave decomposition 24, 33, 35 or molecular-orbital decomposition of the ionization continuum. 27 Formally, the two descriptions are equivalent in describing photoionization from a given electronic state. In our fit based on the molecular-orbital description of the ionization continuum, M sd1 (D) is found to change sign and show a strong energy dependence consistent with the original definition of the Cooper minimum as a vanishing of the dipole-moment matrix element for one of the ionization channels. Because of the l mixing, however, r l and l , which are based on the partial-wave description of the ionization continuum, show more complex energy dependences when the Cooper minimum exists for one of the ionization channels. 59 As discussed earlier, s-and d-partial waves are formed by the interference between the sd1 and sd2 continuum molecular orbitals. Hence, the energy dependences of M sd1 (D) and M sd2 (D) in our fit translate into the complex variations of not only the magnitudes, r s and r d , but also the phases, s and d , of the partial-wave dipolemoment matrix elements. Indeed, in ab initio calculations, the Cooper minimum in the 3p→d ionization channel shows up as the sign change of the standing-wavenormalized principal part of the dipole-moment matrix element for the d ionization channel, whereas the magnitude of the dipole-moment matrix element itself does not undergo the sign change. 37 A more detailed comparison of our fit results and the results of ab initio calculations is impossible at the moment because s and d are not reported in Ref.
37.
The single-center expansion of the nominal 3 p orbital of the NO D 2 ⌺ ϩ state around the center-of-mass yields 0.62% s character, 98.77% p character, 0.56% d character, and 0.07% f character, according to a quantum-mechanical calculation using the improved virtual orbital approximation. 37 On the other hand, the results of our fit indicate that the p-wave contribution to the total ionization cross section amounts to almost 20%. This seemingly large discrepancy between the small s and d characters in the 3p orbital and the large p-wave contribution in the ionization continuum may result, at least partly, from the presence of the Cooper minimum mentioned above. 37 Because of the smallness of the dipole-moment matrix elements for the d ionization channel caused by the Cooper minimum, the relative importance of the p-wave contribution becomes larger at the photoelectron energy observed in our experiment.
Another possible explanation for the large p-wave contribution is that the s and d characters in the NO D state may be enhanced by interaction with the other electronic state. Absorption and emission studies have shown that the NO D
